M
emory T cells are a differentiated cell type that is functionally more responsive than naive T cells (1) (2) (3) . One hypothesis is that memory T cells have increased TCR signal transduction, increasing their responsiveness to Ag. In this study, we examine proximal TCR tyrosine phosphorylation events and partitioning of phosphoproteins into lipid rafts in memory CD8 T cells. We activate naive and memory CD8 T cells of the same TCR specificity with Ag and then quantitatively compare the ensuing induction of TCR signaling.
A definitive analysis of signaling intermediates in memory T cells has previously been hampered by the difficulty to obtain enough memory T cells with known activation history. TCR signal transduction has therefore mostly been studied in immortalized T cell lines with unphysiological activation status. Alternatively, freshly isolated T cells have been isolated based on cell surface markers. However, memory cell surface phenotype can be acquired during Ag-independent homeostatic proliferation (4). The activation history of individual cells therefore cannot be ascertained in cell preparations solely based on surface molecules. To obtain memory cells with precisely known activation history, we use TCR transgenic mice reactive against an epitope derived from lymphocytic choriomeningitis virus (LCMV) 3 (5) . Infection with LCMV leads to efficient acute activation of transgenic CD8 T cells. Memory CD8 T cells then persist for the lifetime of the animal, and this is independent of the presence of Ag (6, 7) . The TCR complex consists of the ␣␤ TCR and the CD3 -, ⑀-, ␥-, and ␦-chains. Upon TCR engagement, src kinases p56 lck and p56 fyn phosphorylate tyrosines in immunoreceptor tyrosine-based activation motifs in the CD3 chains (8, 9) . In additon, CD3⑀ undergoes a conformational change and interacts with signaling molecules (10) . ZAP-70 kinase binds to the phosphorylated CD3 complex, most notably to CD3, and then is also phosphorylated and activated by p56
lck . This leads to abundant phosphorylation of downstream signaling proteins. One critical substrate is the linker protein LAT (linker for activation of T cells) (11, 12) . Phospho-LAT subsequently activates calcium mobilization, and the Ras/ mitogen-activated protein (MAP) kinase signaling pathway.
The plasma membrane is composed of discrete microdomains in which membrane molecules are differentially partitioned (13) . These microdomains, also called lipid rafts, are believed to be specialized compartments for signaling complexes during T cell activation (14, 15) . LAT is located in lipid rafts, and its localization is required for its phosphorylation.
It is not clear whether TCR signaling is regulated differently in naive, recently activated, and memory CD8 T cells. Resting memory CD4 cells have unique, unidentified phosphoproteins, potentially prewiring them for efficient activation (16, 17) . Upon CD3 cross-linking, fewer phosphoproteins, including ZAP-70, are induced, and fewer subsequent steps are involved for MAP kinase activation (18) . Very little information is available for memory CD8 T cells, except that more p56 lck is localized with the CD8 coreceptor (19) , and that the level of p56 lck can be higher (20, 21) . In activated T cells, the TCR itself is more accessible to binding of MHC dimers, presumably because the TCR is redistributed into lipid rafts (22) . Furthermore, the amount of lipid rafts is increased in activated human PBLs (23) . However, a definitive analysis has not been undertaken as to how these changes affect signaling intermediates in memory CD8 T cells.
In this study, we examine proximal steps of TCR signal transduction in naive and Ag-experienced CD8 T cells. We compare naive and memory T cells, but we also include effector cells from the peak of the immune response to understand the stability of biochemical changes during the course of an immune response. We dissect the sensitivity of CD3 and ZAP-70 phosphorylation before and after peptide restimulation, as well as after stimulation with suboptimal, altered ligands of this TCR. We then examine LAT localization and phosphorylation, as well as lipid raft size and phosphotyrosine protein content. Finally, we compare active components of the MAP kinase signaling pathway immediately after T cell activation in vivo. Our results reveal that initial TCR signaling events are similar in naive and memory T cells. However, memory T cells have more extensive lipid raft signaling compartments with higher phosphoprotein content, and more efficiently activate the MAP kinase pathway. We propose that this might be a novel regulatory mechanism that preserves the reactivity of the TCR, but increases effectiveness of signal transduction in memory CD8 T cells.
Materials and Methods

Mice and virus infections
P14 transgenic mice (5) were obtained from The Jackson Laboratory (Bar Harbor, ME) and backcrossed to C57BL/6 for 10 generations. Female B6 mice, age 6 -8 wk, were purchased from National Cancer Institute, and TCR C␣ Ϫ/Ϫ mice (24) from The Jackson Laboratory. Chimeric mice were generated by transfer of 10 6 P14, Thy-1.1 ϩ splenocytes into C57BL/6 mice, followed by infection with 2 ϫ 10 5 PFU LCMV Armstrong i.p. (25, 26) . All mice were maintained according to Emory University's Institutional Review Board.
T cell purification
T cells were strictly kept at 4°C. Splenocytes were incubated with antiThy-1.1 FITC (His51; BD PharMingen, San Diego, CA) at 2 ϫ 10 7 /ml in RPMI with 1% FCS for 30 min. After washing, cells were incubated with anti-FITC magnetic beads (Miltenyi Biotec, Auburn, CA) and separated, according to the manufacturer's instructions. Purified cells were analyzed by FACS before each experiment using D b gp33 tetramers and anti-CD8 and anti-CD4. Samples were then adjusted to contain the same number of Ag-specific and other T cells (ϳ60 and 10%, respectively; the remaining 30% cells were non-T cells, mostly B cells). To separate CD62 ligand high (CD62L high ) memory cells, anti-CD62L beads (Miltenyi Biotec) were used.
Peptides
Peptide sequences were gp33 (WT), KAVYNFATM; A4Y, KAVAN FATM; A6F, KAVYNAATM; V4Y, KAVVNFATM; S4Y, KAVSN FATM; G4Y, KAVGNFATM; control peptide AV derived from adenovirus, SGPSNTPPEI (27) .
T cell stimulation, lysis, immunoprecipitation, and SDS-PAGE
A total of 5-10 ϫ 10 6 purified Ag-specific T cells was mixed with 10 7 splenocytes from TCR C␣ Ϫ/Ϫ mice prepulsed with peptide. Alternatively, we used 4 ϫ 10 6 freshly isolated macrophages as APCs from peritoneal exudates after thioglycolate treatment of C57BL/6 mice (19) with similar results. Cells were activated in RPMI medium at 37°C for 10 min, unless otherwise indicated. Cells were lysed for 30 min in buffer containing 1% Triton X-100, 20 mM Tris, pH 7.3, 150 mM NaCl, 2 mM EDTA, 10 mM NaF, 400 M Na 3 VO 4 , 1 mM PMSF, 2 g/ml aprotinin, 5 g/ml leupeptin, and 0.7 g/ml pepstatin A. Insoluble material was pelleted, and the supernatant was utilized for immunoprecipitation using 5 g of anti-CD3⑀ (clone 500.A2; BD PharMingen) or 10 l rabbit anti-ZAP-70 (Santa Cruz Biotechnology, Santa Cruz, CA) and 50 l of 50% protein A-Sepharose. Proteins were solubilized in reducing Laemmli sample buffer and separated on 12% SDS-PAGE, followed by transfer to nitrocellulose. Separated CD62L high/low memory cells were stimulated in vitro with splenocytes from C57BL/6 mice and 1 M gp33 peptide for 30 min.
Immunoblotting
Immunoblotting was performed in PBS containing 4% BSA and 0.1% Tween 20. Wash buffer contained PBS and 0.1% Tween 20. For antiphosphotyrosine blotting, we used 4G10 biotin (1 g/ml) and streptavidin HRP (Southern Biotechnology Associates, Birmingham, AL; 1/55,000). Visualization of proteins was done with SuperSignal (Pierce, Rockford, IL). Densitometry was performed using National Institutes of Health Image software. Dilutions for blotting with rabbit sera were: anti-CD3 777 (28), 1/500; anti-ZAP-70 (Santa Cruz Biotechnology), 1/200; anti-LAT (12), 1/500; followed by donkey anti-rabbit HRP (Jackson ImmunoResearch Laboratories, West Grove, PA) at 1/5000.
Raft fractionation
Raft fractionation was essentially as described previously (29) . Cells were incubated in cold buffer A (25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, leupeptin and aprotinin at 1 g/ml, 1 mM PMSF, 1 mM Na 3 VO 4 ) and disrupted by sonication. After centrifugation at 800 ϫ g for 10 min at 4°C, supernatants were incubated in 1% Brij 58. Lysates were mixed with 80% sucrose in buffer A, and overlayed with 2 vol of 30% sucrose and 1 vol of 5% sucrose. Sucrose gradient centrifugation was performed at 200,000 ϫ g for 16 h. Twelve gradient fractions were harvested from the top and analyzed by anti-p56 lck immunoblotting. Lipid rafts were in fractions 1-4; soluble proteins in fractions 8 -11. These fractions were pooled and concentrated (30) . In brief, 150 l protein sample was incubated with 600 l methanol and 150 l chloroform, followed by 450 l H 2 O. The aqueous phase was discarded, and proteins from the chloroform phase were precipitated using 450 l methanol. Proteins were pelleted, dried, and resuspended in Laemmli sample buffer.
Intracellular cytokine assays
IFN-␥ and TNF-␣ intracellular staining was performed as described (31) .
FACS and FACS sorting
FACS sorting was perfomed using anti-CD8␣ and anti-Thy-1.1. FACS analysis was done with D b gp33 tetramers (31) or with anti-CD8, anti-CD4, and anti-Thy-1.1 (clones 53-6.7, RM4-5, His 51; BD PharMingen), with rabbit anti-aGM1 (Wako Chemicals, Richmond, VA), or with cholera toxin ␤ for GM1 (Sigma-Aldrich, St. Louis, MO). For intracellular analysis of p56 lck and p56 fyn , Abs 3A5 and goat anti-fyn (Santa Cruz Biotechnology) were directly coupled to FITC using a labeling kit from Calbiochem (La Jolla, CA). Isotype control Abs were anti-IgG2b FITC (BD PharMingen) and polyclonal goat FITC serum (Santa Cruz Biotechnology). 
In vivo activation of P14 cells
Results
Purification of Ag-specific P14 cells
Memory CD8 T cells are functionally more responsive to Ag than naive CD8 cells (1-3). They more readily produce cytokines such as IFN-␥ and TNF-␣ (1-3) and acquire cytotoxicity more rapidly after re-exposure to Ag. In this study, we examined changes in the sensitivity of TCR signal transduction that might contribute to increased functional responsiveness in memory CD8 T cells.
We wished to examine memory T cells with known activation history. We therefore used TCR transgenic cells. CD8 T cells from P14 mice are specific for an epitope from the glycoprotein of LCMV, peptide gp33-41 (hereafter referred to as gp33), in the context of H2-D b (5) . When P14 mice are directly infected with LCMV, only a fraction of transgenic cells becomes activated because of high precursor frequency (25) . Hence, we adoptively transferred 2 ϫ 10 5 naive P14, Thy-1.1 ϩ cells into C57BL/6 recipients (Thy-1.2 ϩ ) before infection (Fig. 1A) . Effector splenocytes were harvested 7 days after infection, when 31% of splenocytes were D b gp33 specific (Fig. 1B) . These cells exhibited maximal effector functions, e.g., displayed ex vivo killing (data not shown). Alternatively, memory P14 splenocytes were obtained at least 30 days after infection, when 2% were Ag specific, and Ag has been cleared (6) . To examine whether P14 cells had undergone functional maturation, we analyzed their ability to produce IFN-␥ after stimulation with peptide gp33 in vitro. Naive P14 splenocytes produced little intracellular IFN-␥, but effector and memory cells readily made IFN-␥ at the expected frequency (Fig. 1C) , also demonstrating that P14 memory cells are indeed more responsive to Ag than naive cells. A set of surface markers including CD44 and CD43 further demonstrated that cells were of naive, effector, or memory phenotype (Fig. 1D ). All memory P14 cells were homogeneously CD44
high . We also analyzed CD62L expression, a marker that distinguishes central memory (T CM , CD62L high ) cells and effector memory (T EM ) cells (CD62L low ) (32) . On average, 80% of P14 cells were central memory cells and 20% were effector memory cells.
We next developed a rapid purification scheme to routinely generate 10 7 memory P14 cells. We made use of the Thy-1.1 marker, using anti-Thy-1.1 FITC Ab, followed by anti-FITC magnetic bead cell separation. Cells were strictly kept at 4°C to prevent activation. This yielded a purity of 60 -90% P14 cells (Fig. 1E) , and on average 6 ϫ 10 6 , 13 ϫ 10 6 , and 0.8 ϫ 10 6 P14 cells per mouse for naive, effector, and memory, respectively. We adjusted samples to contain the same number of P14 cells, as well as of total T cells (CD4 ϩ and CD8 ϩ ) by adding C57BL/6 splenocytes. As a result, cell samples contained between 60 and 63% P14 cells ( Fig.  1F ) and 70% total T cells (data not shown). It should be noted that effector cells are larger in size than naive and memory cells. Thus, we did not compare equal amounts of protein, but rather one cell to the other. Key experiments were also performed after purification with anti-CD8 to rule out that anti-Thy-1.1 treatment altered activation status, as D b gp33 tetramer did (data not shown).
Equivalent CD3 complex phosphorylation in naive, effector, and memory cells
To assess the signal transduction ability of the TCR, we examined CD3 phosphorylation. We specifically activated P14 cells with gp33 peptide-pulsed APCs from TCR C␣ Ϫ/Ϫ mice (24) as a source of natural APCs. T cells were stimulated for 10 min, and the TCR complex was precipitated with an Ab to CD3⑀ ( Fig. 2A) . Surprisingly, we observed no major differences in phosphorylation patterns. P21, the constitutively phosphorylated form of CD3, was phosphorylated to a similar extent in naive, effector, and memory T cells. Upon activation, several phosphoproteins were induced. Most notably, CD3 became fully phosphorylated, leading to the appearance of a phosphospecies of 23 kDa (28). The p23:p21 ratio, a measure of efficient CD3 phosphorylation, was consistently similar for naive and memory cells (0.31 and 0.36, respectively, in Fig. 2A ). Although p23/p21 was slightly higher for effector cells in this experiment (0.69, Fig. 2A ), this was not consistently observed across experiments. An equivalent amount of CD3 protein was precipitated in all cells, as immunoblotting with anti-CD3 revealed ( Fig. 2A) . Inducible phosphoproteins of 40 -50 kDa could also be visualized; the identity of these proteins is unknown. In addition, a phosphoprotein of 70 kDa was induced and identified as ZAP-70, as it comigrated with anti-ZAP-70 immunoprecipitations (data not shown). The phosphorylation of ZAP-70 was surprising, because it is reduced in CD4 memory T cells after CD3 crosslinking (17) . Thus, ZAP-70 can be activated in memory CD8 T cells. In summary, we noticed no significant differences in the phosphorylation of the CD3 complex and associated proteins in memory CD8 T cells compared with naive cells.
We next examined the sensitivity to different doses of Ag. Cells were activated with APCs pulsed with increasing doses of peptide FIGURE 1. Generation and purification of Ag-specific naive, effector, and memory CD8 T cells. A, Naive Ag-specific CD8 T cells were obtained from Thy-1.1 ϩ P14 TCR transgenic mice. A total of 1 ϫ 10 6 splenocytes from P14 mice (containing ϳ2 ϫ 10 5 P14 cells) was transferred into C57BL/6 recipients, followed by infection with LCMV. Effector cells were harvested on day 7 after infection, and memory cells at least 30 days after infection. B, Splenocytes were stained with anti-CD8 Ab and D b gp33 tetramer specific for the P14 TCR, followed by FACS analysis. A total of 13, 31, and 2% of splenocytes was Ag specific in naive, effector, and memory samples, respectively. C, Naive P14 cells do not produce IFN-␥, while all the effector or memory cells do. Intracellular IFN-␥ production was measured by FACS after 5 h of culture with gp33. D, P14 cells (D b gp33 tetramer ϩ ) were stained with Abs to CD44, CD43, and CD62L (naive, gray filled; effector, thin; memory, bold line). E, Purification of Thy-1.1 ϩ P14 cells. Splenocytes were incubated with anti-Thy-1.1 FITC Ab, followed by anti-FITC magnetic beads separation. Greater than 60% of cells are CD8 gp33 and analyzed as above. In a total of five experiments, we did not find a significant difference among naive, effector, and memory CD8 T cells in their ability to phosphorylate CD3 (Fig. 2B ). In all cell types, fully phosphorylated CD3, p23, was maximally induced with 0.1 g gp33, and was lower at lower doses. There were slight experimental variations, but the dose curves were consistently similar, and none of the cell types was more sensitive. Phospho-ZAP-70 was also similarly induced (data not shown). Thus, the increased sensitivity of memory and effector CD8 T cells to Ag stimulation is not due to increased signal initiation by the TCR complex itself in response to equivalent Ag stimulation. The TCR has the ability to respond to a range of ligands, and is not simply an on/off switch receptor (33) . It is possible that suboptimal ligands of the P14 TCR stimulate memory P14 cells more effectively. This would indicate that the TCR complex itself is more responsive on memory cells. Alternatively, if the TCR reacts equally to suboptimal ligands, differences in cell responsiveness are likely to be due to other factors such as distal signaling or transcriptional control of effector functions. We therefore stimulated cells with altered peptide ligands of P14. We used five peptides with 1 aa substitution in the gp33-41 sequence (peptides A4Y, A6F, V4Y, S4Y, G4Y), previously defined as partial agonists in naive P14 cells (27) . Two peptides, A4Y and A6F, induced intracellular TNF-␣ after in vitro stimulation in naive, effector, and memory P14 cells. Ligand A4Y was more potent than A6F in naive, effector, and memory cells alike (data not shown). The cells also demonstrated similar sensitivity to increasing doses of A4Y and A6F (data not shown). Most importantly, memory cells did not show responses to more of the altered peptides, and behaved similarly as naive cells (data not shown). Thus, the TCR on naive and memory cells interacts with this panel of ligands equivalently. To further confirm equivalent signal transduction, we also directly examined early TCR complex phosphorylation. The ratio of p23:p21 correlates with functional properties of altered ligands (28) . Wt, A4Y, and A6F induced CD3 phosphorylation (Fig. 2C ). The p23: p21 ratios were: 0.62, 0.51, and 0.36 for A4Y for naive, effector, and memory, respectively; 0.38, 0.27, and 0.24 for A6F. Thus, memory cells did not have higher p23:p21 ratios as would have been expected for more efficient signaling. We could not induce CD3 phosphorylation with peptides V4Y, S4Y, and G4Y, and control peptide AV (data not shown), as these peptides also did not stimulate TNF-␣ production. Thus, memory cells demonstrated no increase in TCR responsiveness to suboptimal ligands, confirming that naive and memory CD8 T cells have similar early TCR signaling. In addition, we found no evidence that memory cells have a widened responsiveness to a spectrum of related ligands.
We also investigated the possibility that CD3 phosphorylation could be sustained for different time frames in naive, effector, and FIGURE 2. Early TCR complex tyrosine phosphorylation events are indistinguishable in naive, effector, and memory P14 cells. A, Analysis of CD3⑀-associated proteins. A total of 6 ϫ 10 6 purified P14 cells was stimulated for 10 min with APCs prepulsed with 1 g gp33. After lysis, the TCR complex was immunoprecipitated (IP) with anti-CD3⑀. Proteins were separated by 12% SDS-PAGE and analyzed by antiphosphotyrosine immunoblotting (IB). CD3 (p21 and p23) and ZAP-70 were phosphorylated to a similar degree in each cell type. Molecular masses (in kDa) are indicated, as is the size of Ig (IgH and IgL). The nitrocellulose filter was stripped and reprobed with anti-CD3. The experiment is representative of six independent experiments. B-E, A total of 4 ϫ 10 6 purified P14 cells was stimulated with increasing gp33 concentrations (B), with 1 g gp33 or altered peptides A4Y and A6F (C), or for various times with gp33 (D and E). Samples were processed and analyzed as in A. Arrows indicate p21 and p23 of CD3. The sensitivity and kinetics of CD3 phosphorylation were similar in naive, effector, and memory T cells in five independent experiments for B, three for C, two for D, and three for E. F, TCR complex phosphorylation in unstimulated, sorted P14 cells. Sorted cells (Ͼ97% pure) were directly analyzed for phosphotyrosine or CD3 by immunoblotting. The amount of phospho-CD3 (p21) and CD3 protein was similar in effector and memory T cells, and was higher in naive T cells. Three independent experiments were performed. memory T cells. We stimulated cells for 2, 10, and 20 min (Fig.  2D) , and for up to 20 h (Fig. 2E) with peptide-pulsed, washed APCs. Again, we found no difference in the phosphorylation of CD3 or ZAP-70 (data not shown) over time. We were able to measure inducible CD3 phosphorylation for an extended period of time (up to 5 h), somewhat longer than previously observed in cultured cell lines. However, this was true for all cells alike. Thus, signal initiation was not prolonged in memory T cells as might have been expected.
We next analyzed constitutive CD3 phosphorylation in samples containing only Ag-specific cells and no other T cells. We purified cells by FACS sorting with anti-CD8 and anti-Thy-1.1 Abs. This enabled us to obtain samples with 97% P14 cells. The constitutive phosphoform of CD3, p21, was present to a similar degree in effector and memory T cells (Fig. 2F) , while it seemed elevated in naive cells. The total CD3 protein content was also higher in naive P14 T cells (Fig. 2F ). This correlated with higher TCR levels on naive P14 cells, as analyzed by FACS (data not shown). We had not noticed this difference previously (Fig. 2,  A-E) , because effector and memory samples were of lower purity and contained naive T cells of other specificities that would not respond in our assays. However, this difference did not make naive cells more sensitive to Ag stimulation (Fig. 2, A-C) . Thus, we ruled out that memory CD8 T cells have elevated levels of phospho-CD3, as might have been expected for cells with increased signaling capacity.
More phospho-ZAP-70 in effector cells
ZAP-70 kinase binds to phospho-CD3, is phosphorylated by src kinases, and then acts on downstream signaling molecules. It has been reported that the src kinase p56
lck is up-regulated in memory CD8 T cells (20, 21) , while another study found more CD8-bound p56 lck , but no difference in the p56 lck amount (19) . Increased p56 lck could lead to enhanced phosphorylation of ZAP-70. We therefore also determined total phospho-ZAP-70 in activated naive, effector, and memory cells. We directly precipitated all ZAP-70, not just ZAP-70 associated with CD3⑀. The amount of phospho-Zap-70 was similar in naive and memory cells, although in some experiments, it was slightly reduced in memory cells (Fig. 3A) . In addition, we consistently found more phospho-ZAP-70 in effector cells, although ZAP-70 protein was similar (Fig. 3B, upper band) . Thus, ZAP-70 is more effectively phosphorylated in effector cells. We next examined the level of src family kinases in P14 T cells (Fig. 3C) . Effector cells had more p56 lck than memory and naive cells, as previously reported (21) . Thus, increased phospho-ZAP-70 in effector cells could be due to elevated p56 lck . Memory cells only had slightly increased levels of p56 lck when compared with naive cells. In addition, we analyzed the expression of another src kinase involved in T cell signal transduction, p56 fyn (Fig. 3C ).
P56
fyn was up-regulated in both memory and effector cells. Despite these changes, CD3 phosphorylation and ZAP-70 signal transduction were not up-regulated in memory CD8 cells. Thus, increased src family kinase expression might be inconsequential in memory cells, or might influence other signaling events.
More lipid rafts with more phosphoproteins in effector and memory cells
We next addressed whether signaling events further downstream of the TCR were augmented in memory cells. Lipid rafts are specialized signaling compartments in T cells. We therefore examined the size and phosphoprotein content of lipid rafts. We first assessed surface GM1 and asialo-GM1 levels. GM1 is a glycosphingolipid specifically enriched in lipid rafts. It has been used as a lipid raft marker and can be detected with the cholera toxin B subunit by flow cytometry. Surface GM1 levels were higher in both effector and memory T cells when compared with naive cells (Fig. 4A) . Thus, lipid rafts of memory CD8 T cells are more extensive. We also examined the amount of asialo-GM1 (aGM1), an altered GM1 form that is stripped of its sialic acid moieties and therefore of its negative surface charges. Such aGM1 forms are present on NK cells, and also on activated T cells (34) . We found that aGM1 was highly expressed on the surface of memory T cells, to a lesser degree on effector, and the least on naive cells (Fig. 4A) . Thus, lipid rafts of memory T cells are not only more extensive, but also contain qualitatively different glycolipids. Because aGM1 lacks the negatively charged sialic acid, it might allow for the formation of tighter lipid raft clusters (35, 36) .
We next determined the phosphoprotein content of lipid rafts. We fractionated cell lysates into lipid raft and soluble fractions using sucrose gradient centrifugation. Because such experiments require large cell numbers, we were only able to analyze unstimulated cells. We incubated mechanically disrupted cells in 1% Brij 58, a detergent that leaves lipid rafts insoluble (29) . We collected 12 fractions after sucrose gradient centrifugation. We confirmed that fractions 1-4 contained lipid raft-associated proteins by assessing p56 lck content. p56 lck partitions mainly to soluble fractions lck and p56 fyn in naive, effector, and memory P14 cells (thin, bold, dotted line, respectively; filled line, isotype control). Cells were gated on D b gp33 ϩ , CD8 ϩ , and analyzed by intracellular FACS using anti-p56 lck FITC or anti-p56 fyn FITC. The data were similar in three independent experiments. Isotype controls were performed with anti-IgG2b FITC and polyclonal goat FITC serum. but a small portion localizes to lipid rafts, and this can be used to identify lipid rafts with great sensitivity. (Fig. 4B, bottom panel) . We pooled lipid raft (1-4) or soluble fractions (8 -11) , and concentrated them because phosphoproteins were too diluted for direct analysis. We found several important differences between naive, effector, and memory T cells (Fig. 4B) . Most strikingly, more phosphoproteins were consistently present in lipid rafts of both effector and memory T cells. We repeated the experiment after purification with anti-CD8 magnetic beads to rule out that the observed differences were due to anti-Thy-1.1 stimulation, and obtained similar results (data not shown). Thus, increased phosphoproteins in lipid rafts suggests that Ag-experienced cells have more signaling molecules, more tyrosine kinase activity, or less inhibitory phosphatase activity associated with lipid rafts. All of these scenarios are likely to increase signal transduction capacity.
One of the phosphoproteins is likely to be LAT. It comigrated with anti-LAT precipitates as an internal size indicator (data not shown). We also performed immunoblotting to identify LAT. Anti-LAT recognized a single band of 36 kDa when the experiment was reblotted (Fig. 4B) . This protein was present in lipid rafts of naive, effector, and memory T cells to a similar degree (Fig. 4B) . The identity of the other phosphoproteins in To further confirm that all cell types expressed LAT, we also analyzed LAT in unfractionated samples of higher purity (Fig. 4C) .
We next analyzed LAT phosphorylation after specific activation of P14 cells in vivo. We injected gp33 peptide i.v. into live naive P14 mice, or into P14 effector or memory mice. We sacrificed them 15 min later, and immediately fixed splenocytes to preserve activated molecules (37) . We then analyzed phospho-LAT by intracellular FACS analysis using an Ab to phospho-LAT (tyrosine 191). This distal tyrosine is specifically phosphorylated after activation, and facilitates binding of Grb2 and Gads (38) . Memory P14 cells had the highest presence of phospho-LAT before stimulation with gp33, corresponding to the increase in phospho-LAT in lipid rafts of freshly isolated memory cells (Fig. 4D, left panel) . Memory P14 T cells also induced phospho-LAT to the highest degree upon activation, as evident by the largest mean fluorescence intensity (see Fig. 4D for one representative mouse, and 4E for an average of multiple mice). Thus, this further demonstrated that memory cells induce phosphorylation of the linker LAT most efficiently. Phospho-LAT is required for the assembly of higher order signaling complexes in lipid rafts. The increased presence of phospho-LAT in lipid rafts therefore strongly indicates increased signal transduction at this checkpoint in memory CD8 T cells.
MAP kinase signaling pathways are up-regulated in memory CD8 T cells
The signaling complexes assembled by phospho-LAT have multiple components. One important group of effector signaling molecules are members of the MAP kinase family. This extensive family includes the ERKs, JNKs, p38 MAP kinases, as well as MKKs (39) . Next, we determined the activation status of members of the MAP kinase family. For these experiments, we again stimulated P14 T cells in vivo, followed by immediate fixation of splenocytes to preserve active enzyme states. We then performed The MFIs for control rabbit serum were 7, 10, and 9 for N, E, and M, respectively (data not shown). In E, average MFIs of two unstimulated and four stimulated mice of the same experiment are given. Error bars represent the SEM. The experiment was performed three times with at least five mice per group. intracellular staining using phospho-specific reagents. Phospho ERK-1/2 (p42/p44) was most vigorously induced in memory P14 cells (Fig. 5A) . It was also consistently higher in memory cells before peptide stimulation when compared with naive cells, although these differences were slight. The difference between activated naive and memory cells was also striking for active JNK, as measured with an Ab to the dually phosphorylated Thr/Pro/Tyr region of JNK2, as well as for phospho-p38 (Ab to phosphoThr 180 /Tyr 182 ; Fig. 5 , B and C). Effector cells showed a marked defect in the inducible phosphorylation of ERK and JNK, and behaved similarly to naive cells with regard to pp38. We also examined MKK4 as a representative of an upstream kinase that acts on JNK and p38. Consistent with increased JNK and p38 phosphorylation, phospho-MKK4 was also highest in memory CD8 T cells (Fig. 5D ). In addition, we noticed that a portion of unstimulated memory CD8 T cells constitutively had phospho-MKK4 in all experiments. This indicates that the MAP kinase pathway is constitutively used in a portion of memory cells in vivo. Finally, we analyzed the phosphorylation of c-JUN, a transcription factor that is phosphorylated by JNK. Again, c-JUN phosphorylation was most impressively induced in memory P14 cells (Fig. 5E) . Thus, we conclude that increased MAP kinase signaling was transduced to the level of transcriptional regulation in memory CD8 T cells. In summary, we found that memory CD8 T cells have increased ability to engage multiple downstream MAP kinase signaling pathways.
Memory CD8 T cells exist in two related subsets: T CM cells persist for longer periods of time, have higher proliferative potential, are CD62L high , CCR7 high and provide more protective immunity against reinfection than T EM cells (CD62L low , CCR7 low ) (32) . We next addressed whether T CM cells also have higher signaling capacity than T EM cells. T CM P14 cells had higher levels of GM1 (Fig. 6A) . Thus, the lipid raft compartment is larger on the surface of this memory subset. We next quantitatively examined the induction of signaling intermediates. CD62L is shed from the surface after T cell activation. We therefore first separated P14 memory CD62L
high/low cells with anti-CD62L-coated magnetic beads and subsequently stimulated them with Ag in vitro. The levels of pLAT and pERK were reproducibly higher in unstimulated T CM cells (Fig. 6, B and C) . Upon activation, phosphorylation of both LAT and ERK proceeded to a higher level than in T EM cells (Fig. 6 , B and C). We conclude that T CM cells have increased signaling capacity over T EM cells, correlating with their increased responsiveness to Ag upon secondary infection. We recently proposed that naive cells differentiate in a linear manner from naive, to effector, to T EM , and finally T CM cells (32) . We now find that this differentiation process is accompanied by a biochemical change in the lipid raft compartment and an increase in signaling capacity.
Discussion
In this study, we examine proximal TCR signal transduction and lipid rafts of Ag-specific memory and naive CD8 T cells. We find that the initial phosphorylation of the CD3 complex is similar in naive and memory T cells. Thus, the TCR in naive T cells is equally sensitive as in memory T cells. However, memory T cells have more extensive lipid rafts. Lipid rafts in memory T cells contain more phosphosignaling proteins before TCR engagement (schematically shown in Fig. 7 ). This higher concentration of signaling complexes within close proximity might make memory cells superior in phosphorylating critical signaling molecules upon cellular activation, as we have observed for LAT and MAP kinases. Memory T cells thus seem to process intracellular signals more effectively downstream of the TCR. Increasing the signaling capacity of lipid rafts rather than of the TCR itself could therefore be a powerful way to increase the effectiveness of signaling without increasing the responsiveness to Ag. We thus propose that this could be a mechanism that allows memory T cells to avoid crossreactivity and autoimmunity at the TCR while at the same time augmenting signal transduction.
This work describes previously unrecognized molecular changes in memory CD8 T cells. It will be important to test the significance of such signaling alterations once it is technically possible to genetically manipulate memory T cells.
Our data demonstrate that memory CD8 T have higher constitutive tyrosine phosphorylation at several signaling checkpoints downstream of the TCR. It is important to point out that the cells have not been restimulated recently, because Ag is cleaned within a week of LCMV (Armstrong) infection (6, 7) . Consistent with this, cells show no recent activation markers (they are CD69 low , CD25 low , and small in size; data not shown). The constitutive intracellular activation state might be due to changes in gene expression of signaling molecules (21) . In addition, permanent reconfiguration of the plasma membrane and cytoskeleton might allow closer contact of signaling complexes even in the absence of stimulation in memory cells.
Recent data suggest that T cells regulate the extent and composition of the lipid raft signaling compartment throughout T cell development. Indeed, Th1 and Th2 cells differ in their dependence on lipid raft structures for signal transduction and differentially partition TCR and CD45 to lipid rafts in response to antigenic stimulation (40) .
We found no differences in TCR signal initiation at the CD3 complex despite a more extensive lipid raft compartment in memory T cells. We therefore conclude that the extent of pre-existing lipid rafts is not limiting for the very first phosphorylation steps of signal initiation at the TCR. This is consistent with recent findings that initial TCR signaling precedes immunological synapse formation (41) .
It has previously been reported that activated T cells undergo activation-induced membrane changes, and that this leads to an up to 20-fold increase in TCR avidity for soluble dimeric MHC class I molecules (22) . As a consequence, the authors suggested that activated cells can better sense low-density Ag in peripheral tissues. We did not find greater responsiveness when we measured the intracellular signaling output of the TCR on Ag-experienced cells. However, effector T cells contained less TCR on their surface (data not shown), most likely due to activation-induced TCR down-regulation. Thus, TCR sensitivity might be determined by low TCR number and increased TCR avidity on effector cells.
Our analysis included effector CD8 T cells. Although infectious virus has been cleared 7 days after LCMV infection, we cannot exclude that some of the cells are stimulated by persisting Ag on dendritic cells at this time point. Effector cells had more inducible phospho-ZAP-70 than both naive and memory CD8 T cells. Effector cells thus had up-regulated early signal transduction, as previously observed (42) . We also observed that effector cells had more phosphoproteins in lipid rafts than naive T cells, but less than memory cells. However, effector cells showed a marked defect in their ability to phosphorylate ERK-1/2. Thus, increased early signals seemed to be abrogated by a down-regulation of more distal signaling. This down-regulation of later signaling events is in marked contrast to CD4 effector cells (18) . The down-regulation might serve to specifically limit the proliferative ability of effector CD8 T cells (21) . Increasing the signaling capacity of lipid rafts rather than at the TCR itself could be a powerful way to increase the effectiveness of signaling without increasing the responsiveness to Ag. We propose that this is a mechanism that can avoid cross-reactivity and autoimmunity of the TCR while at the same time augmenting signal transduction.
Naive, effector, and memory T cells are differently dependent on costimulation (43, 44) . Previous studies have suggested that costimulators function to direct migration of lipid rafts to the site of TCR contact (15, 45, 46) . It is therefore feasible that lipid raft signaling is differently regulated by costimulation in memory cells. Experiments are underway to address the role of costimulation in signaling events in memory cells.
We were surprised at first to not find differences in CD3 phosphorylation between naive and memory T cells. CD3 phosphorylation proceeds in discreet steps, and these can be driven by the binding of suboptimal ligands to the TCR (28) . It is tempting to speculate that increasing phospho-CD3 might bear the inherent risk of cross-reactivity to different TCR ligands. Cross-reactivity to other ligands might be particularly dangerous for memory T cells because of potential autoimmunity. These long-lived cells with increased effector functions and recirculation patterns have ample opportunity to attack self in peripheral tissues. We believe that sensing low-density ligands more effectively is not desirable for memory T cells in the periphery. Rather, by differentiating the lipid raft compartment, memory T cells seem to use a mechanism to increase the effectiveness of signal transduction without altering the sensitivity of the TCR.
